Introduction
With the continuous increase in the level of economic development, the demand for automotive applications in the plateau has gradually increased. For cars designed for the plain area, there are a couple of serious problems in the low-pressure environment of the plateau, including declining power performance, overheating of the engine, and overheating of the cooling system. One of the most important reasons for these problems is the performance degradation of the heat exchanger of vehicle cooling system in the plateau environment. Therefore, it is necessary to study the influence of plateau low pressure environment on heat transfer and flow characteristics of heat exchangers.
Research on the influence of low-pressure environment on the performance of heat exchangers has been published in some literatures. Tanaka [1] conducted an experimental study on the heat transfer characteristics of radiation, convection, and heat conduction processes in low pressure and low temperature environments. The results show that the Knudsen Number is an indicator of the change in the dominant heat transfer mode in the low pressure environment. Liu [2] deduced the performance of the natural convection heat exchanger under low pressure environment. The results show that the natural convective heat transfer coefficient of the flat wall at an altitude of 5000 m is reduced by 27% compared with that at the plain. Liang [3] studied the performance change of tube-fin 2 / 12 heat exchangers of air conditioner under different environmental pressures. Theoretical derivation shows that when the wind speed is constant, the air side convection heat transfer coefficient and the pressure drop of the heat exchanger decrease with the decrease of the ambient pressure, and the theoretical derivation conclusions are verified by experimental results. Li [4] used theoretical deduction to analyze the effect of environmental pressure on the performance of the heat exchanger. The calculation results show that the air side convection heat transfer coefficient at an altitude of 5000m decreases by 22%~33% compared with that at the plain. Jia [5, 6] studied the heat transfer and flow resistance performance of a louvered fin heat exchanger under low pressure environment. The results show that the air side convection heat transfer coefficient decreases with the decrease of the ambient pressure. Obviously, the plateau low pressure environment has a serious impact on the heat transfer performance of the air side of the heat exchanger and needs to be studied in depth.
Offset fin heat exchangers are widely used in vehicle cooling systems. At present, researchers have studied their performance under atmospheric pressure. Kays [7] first analyzed the heat transfer and flow of offset fins, and established a modified analytical solution model for the laminar flow boundary layer of offset fins. Dong [8] conducted an experimental study on 16 different offset fin heat exchanger samples, and obtained the empirical correlations of j factor and f factor in the Reynolds number range of 500-7500. Peng [9] numerically simulated the offset fins and analyzed the heat transfer and flow resistance characteristics of offset fins.
At present, research on offset fin heat exchangers has been focused on normal pressure environment, and the influence of low pressure environment on the flow and heat transfer performance of offset fin heat exchangers remains to be studied. Thus, it is of great significance to study the heat transfer and flow characteristics of the offset finned flat tube heat exchanger under the low pressure environment.
In this paper, an experimental study of an offset fin and flat tube heat exchanger (OFFTHX) was conducted on a low pressure wind tunnel test bench, and the heat transfer and flow characteristics of the OFFTHX under different gauge pressure conditions were analyzed. Based on this, numerical simulations were carried out to study the heat transfer and flow characteristics of the OFFTHX with different structural parameters under low pressure environment. The empirical correlation of Colburn j factor and Friction factor f were fitted using multiple linear regression. The research results can provide help for the engineering calculation of the OFFTHX.
The influence of low pressure environment

Physical properties of air and water
In this study, the physical parameters of water and air have important effects, including density, kinematic viscosity, dynamic viscosity, thermal conductivity, specific heat capacity, and boiling point of water. According to the ideal gas state equation, when the temperature is constant, the air density is inversely proportional to the ambient pressure [10] . The volumetric elastic modulus of liquid water is 2000 MPa. When the pressure variation is 101 kPa, the volume change is less than 1/20000, so the water density can be considered as a constant in this study [11] . According to the fluid molecule theory, the dynamic viscosity of air and water is independent of pressure when the temperature is constant [12] . According to the definition of kinematic viscosity, it is inversely proportional to the density of the fluid and is proportional to the dynamic viscosity of the fluid. When the dynamic viscosity is constant, the kinematic viscosity increases with the decrease of density, that is, the kinematic viscosity of air increases with the decrease of environmental pressure. The physical properties of air under different gauge pressures [10] are shown in Table 1 .
Table 1. Physical properties of air
According to the fluid molecules theory [12] , when the temperature is constant, the thermal conductivity of water and air is constant within the pressure range of 2.67×10 -3 -2 × 10 3 MPa. In the pressure range of 0-1 atm, the specific heat capacity of water and air can be regarded as a single-valued function of temperature [13] . In this study, the ambient pressure is within this range, and the temperature change of water and air is small, so the specific heat capacity of water and air can be regarded as constants. Environmental pressure has an effect on the boiling point of water. According to the ideal gas state equation and the Clausius Clapeyron [14] equation, the boiling point of water can be expressed as:
According to the formula, for every 1000m increase in altitude, the boiling point of water is reduced by about 3.3 °C. At an altitude of 4500 m, the boiling point of water drops to approximately 85.15 °C.
Heat transfer and flow characteristics of heat exchangers
The thermal resistance on the air side usually accounts for more than 80% of the total thermal resistance [15] . Therefore, the air side flow and heat transfer characteristics under low pressure environment are mainly analyzed in this paper. According to the literature [5] , the thickness of the thermal boundary layer of the air flow increases with the decrease of the gas density, so the thickness of the gas thermal boundary layer under low pressure environment will increase, which will increase the thermal resistance, resulting in the convection heat transfer coefficient reduce.
Experimental study
Test apparatus and component parameters
The test bench used in this study is a low pressure wind tunnel test rig. The main components and structure of the test bench are shown in Figure 1 . The main body of the test bench is a closed air circuit.
The air circuit is equipped with a fan to drive The air conditioner and the flow stabilizer are installed upstream of the sample to ensure that the sample inlet air temperature and flow are uniform and stable. A vacuum pump and its control unit are connected to the air circuit for a stable low pressure environment. In order to reduce the heat loss of the air circuit, the outer wall of the circuit is wrapped with 5mm of insulation material.
In the experiment, the flow rate of water in the sample is controlled by adjusting the valve, and the water temperature at the inlet of the sample is kept constant by a constant temperature water tank. Air flow rate is controlled by adjusting the fan frequency. The pressure in the air circuit is adjusted with a pressure control system to stabilize it within ±0.1kPa of the target value.
The heat exchanger sample in the experiment is an aluminum offset fin and flat tube heat exchanger. The size of the windward surface is 185×200 mm, and its structural dimensions are shown in Figure 1 . Table 2 lists the specific dimensions of the heat exchanger sample.
Table 2. Structure size of the sample
In the experiment, the inlet water temperature of the sample is maintained at 60±0.5°C, and the water flow rate is 300L/min. The inlet air temperature is maintained at 20±0.5°C. Adjust the pressure control system so that the gauge pressure in the air circuit is 0 kPa, -10 kPa, -20 kPa, -30 kPa, and -40 kPa, respectively. At each gauge pressure, the fan frequency range is 35 to 125 Hz. In order to improve the accuracy of the experimental measurements, the data is collected after each experimental condition is stabilized for 40 minutes, and the steady-state heat balance deviation is 5%.
Data reduction and error analysis
The calculation formula of the heat capacity in the experiment is:
Where Q w and Q a are the heat capacity of the air side and the water side, respectively. In the heat transfer process of the finned tube, the thermal resistance is divided into three parts. Using the thermal resistance separation method, the expression of the air side convection heat transfer coefficient is [10] :
Where, is the total efficiency of rib surface, . is the fin efficiency, the calculation result of which is 0.783. R w is the thermal conductivity resistance of the finned tube. R s is fouling thermal resistance, the OFFTHX in this study is a new product, so it can be considered as R s =0. R j is the contact thermal resistance. Considering the processing and using environment of the finned tube in this study, the contact thermal resistance is considered to be 3×10 
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The expressions of Colburn j factor and Fanning friction factor f are as follows:
Re Pr
The relative error of the experimental data is calculated according to the estimation method. For a function R, it contains n independent variables Xi={x1,x2,…,xn}. Then the relative error expression of R is as follows:
Where, is the absolute error of . According to the above formula, the relative errors of Colburn j factor and friction factor f are 3.48% and 5.02%, respectively. The heat transfer coefficient of offset fins under different gauge pressure conditions is shown in Figure 2 (a). Under each gauge pressure condition, the convective heat transfer coefficient of the air side increases with the increase of wind speed between the fins. Under normal pressure, as the wind speed between fins increases from 3.9m/s to 16.2m/s, the air side convective heat transfer coefficient increases from 91W/m 2 ·K to 210W/m 2 ·K. When the wind speed between the fins is constant, the air side convective heat transfer coefficient decreases as the gauge pressure decreases. When the gauge pressure is -40 kPa, the convective heat transfer coefficient at the same wind speed is reduced by 20.9%~28.9% compared with the normal pressure. Low pressure condition has a significant effect on the convection heat transfer coefficient of the air side. Figure 2(b) shows the friction factor f under different gauge pressure conditions. The friction factor f decreases with the increase of wind speed between the fins. Under normal pressure, as the wind speed increases from 3.9 m/s to 16.2 m/s, the friction factor f decreases from 0.072 to 0.041.
Experimental result analysis
When the wind speed between the fins is constant, the friction factor f increases as the gauge pressure decreases. When the gauge pressure is -40 kPa, the friction factor f increases by 32.2%~70.3% compared with the normal pressure.
Numerical simulation
According to the previous analysis, the low pressure environment has an important influence on the heat transfer and flow effects of the OFFTHX. In order to further analyze the influence of the low pressure environment on the OFFTHX, numerical simulation is needed.
Dimensions of the fins
In order to further study the heat transfer and flow characteristics of offset fins under low pressure environment, 16 sets of offset fins with different size parameters are designed using orthogonal design method. The dimensional parameter variables of the fins are expressed in a dimensionless form, , , , . The dimensions of each fin is shown in Table 3 . Figure 3 . The air flows from the left to the channel between the fins along the X axis, and it is heated then flows out. The computational region is extended in order to ensure the accuracy of calculation. The inlet section is extended by 1.5 times of the fin length l, allowing the air to obtain a uniform velocity distribution at the entrance of the fin. The outlet section is extended by 5 times the fin length l [17] .
Numerical model
The main assumptions in numerical simulations are: 1) The flow in the calculation area is steady-state and incompressible; 2) Ignoring heat radiation and natural convection; 3) Physical properties of air are only related to environmental pressure. The Reynolds number in the numerical simulation ranges from 1000 to 4000, so the laminar model is used when the Reynolds number is low, and the turbulence model is used when the Reynolds number is high. According to the reference [9] , the critical Reynolds number of the air flow in the offset fin is 2000, so the turbulence model is used when the Reynolds number is greater than 2000 in the simulation.
Based on the above, the continuity equation is:
The momentum conservation equation (Laminar flow: Re<2000) is:
The momentum conservation equation (turbulent flow: Re ≥ 2000) is:
The energy conservation equation is:
Mesh and boundary conditions
The computational domain is divided into tetrahedral meshes, and the mesh at the wall surface is encrypted to improve the accuracy of numerical calculations.
Different numbers of meshes are calculated for the computational domain, and the number of meshes is increased from 0.1 to 2.02 million. When the number of grids is increased from 650,000 to 1.15 million, the change of temperature and pressure difference between the inlet and outlet are less than 0.3%. Therefore, after the number of grids exceeds 650,000, the calculation result is independent to the number of grids. The tetrahedral mesh size is 0.25mm.
The upper and lower surfaces of the computational domain are heating surfaces, and the temperature is 323.15K. The left and right boundaries of the computational domain are set to periodic boundaries. The air inlet is set to the velocity inlet, the air inlet temperature is 288.15K, and the inlet velocity is calculated based on the Reynolds number. The air outlet is set as a pressure outlet.
The governing equations are solved numerically by using a control volume based finite difference formulation. The simple algorithm is used to solve iteratively the system of finite-difference equations. The second-order upwind scheme is adopted to solve the governing equations.
The offset fins are made of aluminum, the density of which is 2700 kg⁄m 3 , and the thermal conductivity of which is 237.2W⁄ (m•K). The physical properties of air changes with the environmental pressure, and are shown in Table 1 .
In the numerical simulation, the gauge pressure is taken as 0 kPa, -10 kPa, -20 kPa, -30 kPa, and -40 kPa. The air inlet Reynolds number ranges from 1000 to 4000 under each pressure condition.
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Validation of numerical calculation model
In order to verify the accuracy of the numerical calculation model, the offset fin in the experiment is simulated. The numerical results are compared with the experimental data, as shown in Figure 4 . 
Numerical simulation result analysis
Field synergy angle
The conventional theory holds the opinion that heat transfer enhancement should be achieved by perturbing the thermal boundary layer and the flow boundary layer, such as add vortex generators in the flow field. However, field synergy theory considers that the enhancement of heat transfer should focus on the reduction of field synergy angle [18] .
The expression of the inner product of velocity and temperature gradient is:
Where is the angle between the local velocity and the temperature gradient.
is called the field synergy angle (FSA). The diagram of the field synergy angle is shown in the Figure 5 .
The expressions of local field synergy angle and mean field synergy angle are as follows [19] : 
Where is the area of the control volume, is the field synergy angle of a single node, and is the mean field synergy angle of the computational domain. Figure 6 shows the variation of the average field synergy angle (FSA) of the calculated area under different gauge pressure conditions and wind speed between fins. In the calculated wind speed range, the increase in wind speed enhances the synergy between the temperature field and the velocity, thereby enhancing the convective heat transfer between the air and the fin. The decrease of the environmental pressure increases the field synergy angle, weakens the synergy between the temperature field and the velocity, and reduces the convective heat transfer performance between the air and the fin. This is consistent with the trend of the convective heat transfer coefficient of the air side in the experiment.
Correlations of j and f factors
In order to facilitate the calculation of engineering, empirical correlations of j factor and f factor are obtained by multiple linear regression [20] 
Where P is the ambient pressure (kPa), P 0 is the standard atmospheric pressure (101 kPa). Figure 7 shows the comparison between numerical simulation results of j factor and f factor and that of correlation calculation results. Eq. (14) can predict 95% of the simulation results of Colburn j factor within the deviation range of ±10%. Eq. (15) In Figure 8 , calculation results of the correlations proposed in this paper are compared with experimental data of other offset fins. Dong conducts an experimental study on offset fins of different sizes, one of the fins is code No.11. The calculation results of the correlations show good consistency with experimental data. The mean deviation of j factor is 8.2%, and that of f factor is 12.3%.
Conclusions
In this paper, the experimental study and numerical simulation of the heat transfer and flow resistance performance of the offset fin flat tube heat exchanger under low pressure environment were carried out. The conclusions are as follows:
1. The low pressure environment has an important influence on the physical properties of air and water. When the gauge pressure is -40 kPa, the density of air is reduced by about 40% compared to when the gauge pressure is 0 kPa, and the kinematic viscosity of air is increased by about 66%.
2. The experimental results show that when the gauge pressure is -40 kPa, the convective heat transfer coefficient at the same wind speed is reduced by 20.9%~28.9% compared with the atmospheric pressure. And the friction factor f is increased by 32.2% to 70.3%.
3. The increase of wind speed enhances the synergy between temperature field and velocity, and thus enhances the convective heat transfer between air and fin. The decrease of the environmental pressure weakens the synergy between the temperature field and the velocity, and reduces the convective heat transfer performance between the air and the fin.
4. Based on the simulation results, the empirical correlations of j factor and f factor are obtained by multiple linear regression. The correlation prediction bias is reasonable, which can provide a basis for the engineering calculation of offset fins in the plateau low pressure environment. 
